SUMMARY
Clostridium magnum, originally described as a non-autotrophic homoacetogenic bacterium, was found to be able to grow with H2/CO 2, formate, or methanol with stoichiometric acetate formation, provided that the growth medium contained at least 0.025% (w/v) yeast extract. Hydrogen was also formed as a byproduct of glucose fermentation, and was consumed again after glucose consumption. Hydrogen formation from glucose was independent of growth conditions and reached similar maximal concentrations in mineral media with or without ammonia added as well as in non-growing cultures or in the presence of carbon monoxide.
INTRODUCTION
Homoacetogenic bacteria are characterized by their ability to use CO 2 as an electron acceptor in substrate oxidation, and to form acetate as a reduced fermentation product [1] . Most known homoacetogens can use hydrogen, formate, or other C 1 compounds as electron donors, and can exhibit an entirely autotrophic way of life [1] [2] [3] . Only Clostridium formicoaceticum [4] and C. magnum [5] were reported to be unable to utilize hydrogen as electron source. In the present communication we show that the latter bacterium exhibits active hydrogen metabolism during heterotrophic or lithotrophic growth provided that the growth medium contains a minimum amount of yeast extract.
sulfide-reduced mineral medium [6] in half-filled 120-ml serum bottles or 17-ml Hungate tubes with butyl-rubber septa and 10 ml medium under an atmosphere of either N2/CO 2 (80%/20%) or H2/CO 2 (80%/20%). Incubation experiments with non-growing cell suspensions were performed under Ar/CO 2 (80%/20%). Growth substrates and yeast extract were added from autoclaved stock solutions. Dry-cell matter formed was calculated via optical cell density calibrated by direct mass determination as described [5] . Hydrogen losses through the septa-culture headspace were checked for by control experiments with non-inoculated media.
Samples for hydrogen determination (50 p,1 each) were taken from the culture headspace and injected into a Vega 6000 gas chromatograph (Carlo Erba, Mailand, Italy) with thermal conductivity detector at 130°C and filament temperature 350 ° C. Separation occurred on a 2 x 2000-mm packed column with 60/80 Carbosieve S II (Supelco, Sulzbach, F.R.G.) with N 2 as carrier gas, 7.5 ml per min. Acetate was determined by gas chromatography as described earlier [6] .
Hydrogenase activity was assayed in cell-free extracts with benzyl viologen as electron acceptor according to [7] .
RESULTS AND DISCUSSION
Clostridium magnum strain WoBdP1 was isolated and cultivated originally in a mineral medium with vitamins, but devoid of any complex medium additions [5] . In this medium, no growth with hydrogen/CO2, formate, or methanol was observed. If yeast extract (0.1% w/v) was added to this medium, hydrogen-or formate-dependent growth could be observed (Fig. 1) . However, slight growth occurred also with yeast extract alone. The dependence of hydrogen utilization and hydrogen-dependent acetate formation on the amount of yeast extract provided is shown in Fig.  2 . Over a range of yeast extract concentrations from 0.025-1.5% (w/v), hydrogen was converted nearly stoichiometrically to acetate, according to the theoretical equation 4 H 2 + 2 CO 2 CH3COO-+ H++ 2 H20. At insufficient hydro- gen supply, acetate was obviously also formed from yeast extract constituents.
Strain WoBdP1 did not only use hydrogen as electron source, but also produced hydrogen during metabolism of glucose. Fig. 3 shows time-dependent growth and hydrogen production under three different growth conditions. In ammonium-containing mineral medium with 5 mM glucose as growth substrate, growth was fast and hydrogen was produced to the end of the growth phase to a maximum of 0.3 mmol/1 growth medium. After substrate exhaustion, hydrogen was consumed again. Strain WoBdP1 was also able to fix molecular nitrogen gas as nitrogen source for growth. In the absence of bound nitro- gen, the lag phase before the start of exponential growth was considerably longer, and the cell yield reached finally only 40% of that of ammoniumgrown ceils. However, hydrogen was produced during growth and accumulated to the end of the growth phase to nearly the same amount as in the ammonium-containing medium. In a control experiment under argon gas no growth occurred at all, but hydrogen was produced from glucose again to at least a concentration of about 0.2 mmol/1.
In a further experiment, cells were incubated with glucose in the presence of 20% carbon monoxide in the culture headspace to inhibit hydrogenase activity. Under these conditions, hydrogen was produced to basically the same levels as in the absence of CO, but nitrogen fixation was inhibited completely, and no growth was observed in the absence of bound nitrogen (results not shown).
Hydrogenase activity was found in cell-free extracts of glucose-plus-ammonium-grown cells of strain WoBdP1 at about 0.4 U (mg protein)-l. This enzyme reacted best with benzylviologen as electron acceptor, suggesting that it couples in vivo to a low-potential electron carrier such as ferredoxin.
These results provide evidence that Clostridium magnum, similar to other homoacetogenic bacteria, can grow at least lithotrophically using hydrogen or formate as electron source for energy metabolism. Whether this growth is really autotrophic cannot be deduced from these experiments because cell material may be formed to a significant part from the added yeast extract. Actually, the amount of dry-yeast extract provided in the medium in growth experiments (Fig.  2) is at least ten times as much as the cell material that is formed. We also do not know why yeast extract is required for growth with hydrogen/CO2, formate, or methanol whereas other substrates (sugars, malate, acetoin, 2,3-butanediol) allow good growth in defined mineral medium. In any event, this bacterium possesses active hydrogenase activity and is obviously able to exchange electrons via hydrogen transfer with partner bacteria in its natural environment, a phenomenon which has been observed earlier with several other homoacetogenic bacteria, e.g., during syntrophic degradation of C t compounds with hydrogen-utilizing sulfate reducers [8] or ethanol-oxidizing obligate syntrophs [9] . It appears that hydrogen production and utilization is a very common capacity of homoacetogens which, due to their metabolic versatility, may work either way under changing environmental conditions, depending just on whether they act as hydrogen sources or sinks within an anaerobic microbial community.
